Mannoproteins of approximately 50 kDa from blastoconidia and 60 kDa from hyphae of Candida albicans reacted in Western blots (immunoblots) with either a polyclonal rabbit antiserum (CA-7) or a monoclonal antibody (CA-A) to the C. albicans C3d-binding protein (complement receptor type 2). The glycosylated nature of these proteins was demonstrated by their reactivity with concanavalin A and by selective labeling with the biotin-hydrazide reagent following periodate oxidation. Differences in the oligosaccharides of these proteins were observed in regard to their reactivity with lectin-peroxidase reagents and sensitivity to glycosidases such as N-glycanase or endoglycosidase F (but not endoglycosidase H). The 60-kDa mannoprotein reacted with wheat germ agglutinin, while the 50-kDa mannoprotein did not. Treatment of the 60-kDa mannoprotein with the glycosidases mentioned above resulted in its conversion into a species of 40 to 45 kDa. Enzyme treatment had no obvious effect on the electrophoretic mobility of the 50-kDa species from blastoconidia. Both the 50-and 60-kDa glycoproteins remained immunoreactive after treatment with the glycosidases. Reactivities of the two mannoproteins to neuraminidase also differed. Finally, the 50-kDa (blastoconidia) and the 60-kDa (hyphae) mannoproteins were purified by using ion-exchange chromatography and electroelution. The purified proteins differed in net charge, the 60-kDa species having a more acidic pl. Functional activity of the purified mannoproteins was demonstrated, as each inhibited the rosetting of antibody-sensitized sheep erythrocytes conjugated with iC3b or C3d by hyphae. Thus, an epitope(s) common to both a mycelial and blastoconidial mannoprotein is associated with a structurally different oligosaccharide for each growth form.
Conversion of blastoconidia to hyphae in Candida albicans is accompanied by quantitative changes in the composition of the cell wall (8) as well as changes in the expression of hypha-specific cell surface antigens and receptors (3-7, 11, 12, 19, 22, 24, 30-32, 34) , most of which appear to be mannoproteins. Not only are qualitative changes observed in the cell surface mannoprotein profiles during morphogenesis, but the structures of the oligosaccharide components of blastoconidial and hyphal mannoproteins also are different. Shibata et al. (28, 29) , for example, have shown that suppression of some enzymes associated with mannan synthesis must occur during the conversion of blastoconidia (yeast) to hyphae, since hyphal forms have considerably less 1-(1-2)-and a-(1-3)-linked phosphomannan than do blastoconidia. The result of this change in enzyme activity is probably the formation of a less complete, less branched mannan structure in the hyphal form of the organism.
We have previously shown that hyphae of C. albicans express a 60-kDa cell surface mannoprotein which binds the complement C3 conversion product, C3d (5, 19, 27) . A protein of similar molecular mass also recognizes other ligands such as fibrinogen and laminin (3, 4) , thus resembling an integrin-like protein found in mammalian cells and also described for C. albicans (1, 15 (EA) conjugated to iC3b or C3d (EAiC3b or EAC3d) (5, 19) . Ollert et al. (22) used an MAb to define a surface antigen from hyphal forms of C. albicans; blastoconidia were not reactive with this MAb. However, when blastoconidia were treated with Zymolyase, fluorescence of protoplasts was observed, indicating that the epitope recognized by the MAb was present but perhaps buried within the blastoconidial cell wall or at the level of the plasma membrane. Further, we have observed by immunoelectron microscopy that antibody to the purified CR2 from hyphae reacts with an epitope localized on the plasma membrane of blastoconidia (16) . During germination of the organism, the epitope recognized by the antibody becomes associated with the cell wall and especially the cell surface of the organism. This pattern of epitope distribution was observed in cells grown in vitro and in tissues of infected animals (16) . We now describe some of the properties of the glycoprotein from blastoconidia which reacts with anti-CR2 antibodies and compare this protein with the hyphal form of the CR2.
MATERIALS AND METHODS
Growth conditions. C. albicans 4918 was used in all experiments. Blastoconidia were grown in most instances in a liquid medium containing 0.5% yeast extract, 1% peptone, and 2% glucose to stationary phase in shake culture at 24°C for 20 h. Blastoconidia were also prepared in Sabouraud broth at 37°C for 24 (23) and Roffman et al. (26) . Lyophilized samples of DTT extracts (1 mg of protein per ml) were dissolved in 100 mM sodium acetate buffer (pH 5.5) containing 0.02% sodium azide. Aliquots of 20 ,ul (5 to 50 ,ug of protein) were oxidized with 1 to 3 mM sodium periodate (final concentration, prepared in distilled water) for 30 min at 0°C (in the dark). The reaction was stopped by the addition of an aqueous solution of sodium sulfite (final concentration of 20 mM) and incubated for 5 min at room temperature. Biotin-HZ reagent (5 mM, dissolved in sodium acetate buffer) was added to the extracts to give a final concentration of 1 mM; after a 1-h incubation at room temperature, the unreacted biotin was removed by centrifugation at 1,000 x g for 15 to 30 min, using a Centricon-30 microconcentrator (Amicon). The samples were then washed three times with 2 ml of acetate buffer, concentrated to about 200 ,ul, and stored at -70°C until analyzed by SDS-PAGE.
Detection of biotinylated glycoproteins was carried out by incubating the electroblots for 1 h at room temperature with streptavidin-peroxidase, diluted 1/1,000 in TBS (TAGO Inc., Burlingame, Calif.). The blots were subsequently washed and developed with 3,3'-diaminobenzidine (Sigma; 5 mg/10 ml in 15 mM phosphate buffer [pH 6.7] containing 2 ,ul of 30% hydrogen peroxide [Thomas Scientific, Swedesboro, N.J.]) at room temperature until color developed.
Treatment of glycoproteins with glycosidases and lectins on NC membranes. The method of Faye and Chrispeels (13) was used for the degradation of glycoproteins with glycosidases and the detection of glycoproteins with lectins in situ on NC transfers. The NC sheets of electrophoretically separated DiT extracts (from both growth phases) were, after blocking and washing of the blots with the appropriate buffer, incubated with endoglycosidase H (endo H) or N-glycanase (Genzyme, Cambridge, Mass.) for 48 h at 37°C (with gentle agitation) under the following conditions: endo H, 20 mU/ml in 0.05 M sodium acetate buffer (pH 5.5); N-glycanase, 3 U/ml in 0.2 M sodium phosphate buffer (pH 6.4); each in a total amount of 2 ml. Controls were incubated without enzymes in TBS. Visualization of concanavalin A (ConA) or wheat germ agglutinin (WGA) binding to glycoproteins was performed by the method of Kijimoto-Ochiai et al. (17) , using peroxidase-coupled lectins (EY Laboratories, San Mateo, Calif.). Both the enzymatically treated blots and the untreated controls were reacted for 2 h at room temperature with ConA-or WGA-peroxidase reagents diluted in 0.2% Tween-TBS (TfBS; 8 ,ug/ml). For ConA, the TTBS was supplemented with 1 mM MnCl2 and CaCl2. Subsequently, the lectin-treated blots were washed for 1 h in T'FBS with several changes and stained with 3,3'-diaminobenzidine (as described for the biotin-streptavidin detection of glycoproteins), prepared immediately before use. Stained blots were washed several times with water, dried, and stored in darkness.
Endoglycosidase digestion of biotinylated glycoproteins. Biotinylation of glycoproteins from DTT extracts was performed as described above. Treatment with the enzymes N-glycanase and endo F (Genzyme) was done as instructed by the manufacturer. Samples (2 mg of protein per ml) were dissolved in 0.2 M sodium phosphate buffer (pH 7.5) containing 1% SDS and 1% ,B-mercaptoethanol and boiled for 5 min. For N-glycanase, a 10-pI aliquot of the denatured proteins (20 p,g of protein) was diluted with 20 mM sodium phosphate buffer containing 1.25% Nonidet P-40 and 20 mM EDTA to a total volume of 30 pl and digested with 0.5 U of the enzyme at 37°C for 24 h. Digestion with endo F (0.3 mU) was carried out similarly except that 0.1 M sodium acetate buffer (pH 6.0) was used. The deglycosylated samples were analyzed by PAGE, modified so that the SDS was replaced in both the stacking gel and running gel with 2 mM EDTA. The same procedure was used for nonbiotinylated samples from DTJ extracts partially purified by affinity chromatography with CA-7 (IgG), using a previously described method (14) .
Treatment with neuraminidase. Neuraminidase treatment of DTT extracts was performed prior to oxidation and biotinylation. Unlabeled control samples were also treated with the enzyme. To 20-pI aliquots (1 mg of protein per ml), 10 pul of neuraminidase solution (1 U/ml; Calbiochem, La Jolla, Calif.) was added. Following overnight incubation at 37°C, the neuraminidase-treated samples were oxidized and labeled with biotin-HZ as described above. The effect of neuraminidase treatment was tested by immunoblotting the electrophoretically separated unlabeled or labeled glycoproteins with CA-7 or CA-A. The biotin-labeled glycoproteins were, in addition, stained with streptavidin-peroxidase reagent.
Preparation of the purified 50-and 60-kDa glycoproteins. DTT extracts were fractionated by ion-exchange chromatography using DEAE-Avid Chrom cartridges (UNISYN Corp., San Diego, Calif.) and eluted with a stepwise gradient of NaCl in 0.05 M Tris-HCl (pH 7.5). The eluates were assayed by PAGE and Western blotting (immunoblotting) with CA-7. Fractions greatly enriched in the specific 50-and 60-kDa glycoproteins were then pooled, resolved on SDS-7.5% preparative polyacrylamide gels, excised, and electroeluted as previously described (14) .
Two-dimensional gel electrophoresis. DTI extracts (50 pug of protein) were suspended in sample buffer for isoelectric focusing (9 M urea, 4% Nonidet P-40, 1% for 20 h at 800 V. Ampholines used covered a pH range of 3.5 to 10. For SDS-PAGE, 10% polyacrylamide was used. Separation by SDS-PAGE was performed overnight at 100 V. The gels were silver stained or electroblotted to polyvinylidene difluoride membranes (Millipore Corp.), using a transfer buffer containing 25 mM Tris, 192 mM glycine, and 10% methanol. Transfer of proteins was accomplished by using a semidry transfer apparatus (TE 70; Hoefer Scientific Instrument Co.) at 320 mA for 1 h. Proteins were visualized with Coomassie blue stain or were Western blotted with CA-7 as previously described (14, 27) .
Protein determinations. Protein was determined by the method of Lowry et al. (20) , with bovine serum albumin used as a standard.
RESULTS
Comparison of DTT extracts from blastoconidia and hyphae. DTT extracts, prepared from each growth form, were standardized to protein content and separated by SDS-PAGE. Subsequently, the proteins were electrophoretically transferred to NC membranes and characterized by Aurodye staining, Western blotting, and selective labeling with the biotin-HZ reagent (Fig. 1) . The latter technique was used for the detection of glycosylated proteins. Total protein profiles from both growth forms are shown in Fig. 1A . In Western blots with CA-7, quantitative differences in immunoreactivity of two major proteins with molecular masses of 50 kDa (range, 48 to 52 kDa) from blastoconidia and 60 kDa (range, 60 to 68 kDa) from hyphae were recognized (Fig.  1B) . A protein of approximately 90 kDa was common to both growth forms. Similar reactivity was observed by blotting with the anti-Candida CR2 MAb, CA-A, although the major protein from blastoconidia was less reactive to CA-A than to CA-7 (Fig. 1C) .
The glycoprotein nature of material extracted by the DTT method was characterized by using mild periodate oxidation of the carbohydrate moiety (which produces reactive aldehydes) followed by treatment with biotin-HZ. The use of only 1 mM sodium periodate (NaIO4) for oxidation in combination with a low concentration of protein contributed to the selectivity of the labeled proteins. Streptavidin-HRP staining of blots from a blastoconidial extract revealed intensively stained bands of 48 to 50 and 65 kDa along with a few faint bands (Fig. 1D, lane 7) . In the DTT extract from hyphae, a high intensity of staining was demonstrated only with a doublet of 60 and 68 kDa as well as with a 35-kDa species (Fig. 1D, lane 8) . In contrast to these observations, when 10 mM NaIO4 was used prior to biotinylation of the DTT extracts, a greater number of glycoproteins were stained with streptavidin-HRP, with fewer differences in the glycoprotein profiles between the two growth forms (data not included). Unoxidized samples of DTT extracts failed to incorporate biotin-HZ, and nonspecific staining was not observed.
Analysis of glycoproteins with lectins and glycosidases on NC membranes. We used a rapid method for analysis of glycoproteins immobilized on NC membranes in which electroblots were incubated with lectins directly or after degradation with glycosidases. Biotinylated proteins from DTT extracts of both growth forms were separated by SDS-PAGE and electroblotted to NC membranes. No differences in the binding of lectins to nonbiotinylated or biotin-labeled glycoproteins were observed in preliminary experiments (data not shown). To obtain a total pattern of glycosylated proteins, a higher concentration of protein was used for biotin labeling and oxidation was performed with 3 mM NaIO4 (in comparison with data presented in Fig. 1A ). For these experiments, SDS-PAGE was performed in 8% polyacrylamide in order to observe proteins of higher molecular mass. A variety of proteins, including the immunoreactive 50-kDa (blastoconidia) and 60-kDa (hyphae) species, were stained with ConA ( Fig. 2A) 2B) . In comparison, differences in the staining patterns of glycoproteins from blastoconidia and hyphae with WGA were observed (Fig. 2C) . The high affinity of the 60-kDa glycoprotein from hyphae for WGA (Fig. 2C, lane 6) was abolished by pretreatment with N-glycanase (Fig. 2D, lane  8) ; in comparison, the 50-kDa glycoprotein from blastoconidia was only faintly stained with WGA in both untreated and enzyme-treated blots ( Fig. 2C and D ; compare lanes 5 and 7).
Susceptibility of the 50-and 60-kDa mannoproteins to endoglycosidase digestion. The biotinylated samples from DTT extracts used for in situ degradation (Fig. 2) were used in these experiments. Samples were digested with endo F or N-glycanase prior to SDS-PAGE (as described in Materials and Methods) and then reacted with streptavidin-HRP (data not shown) or Western blotted. As a control, samples of nonbiotinylated DTT extracts, partially purified by affinity chromatography with CA-7 (IgG), were also digested with N-glycanase. In Fig. 3A of neuraminidase treatment on the deglycosylation of glycoproteins from the DTT extracts, especially in regard to the 50-and 60-kDa species. Deglycosylation by neuraminidase was accomplished with DTT extracts prior to oxidation with NaIO4 and biotin labeling ( Fig. 4A and B) as well as with unlabeled samples (Fig. 4C) . Neuraminidase treatment prior to oxidation completely eliminated staining of the 60-kDa mannoprotein with streptavidin-HRP (Fig. 4A, lane 4) and its immunoreactivity with CA-7 (Fig. 4B, lane 8) . In contrast, staining of the 50-kDa mannoprotein from blastoconidia with streptavidin-HRP was not affected (Fig. 4A,  lane 3) , while the immunoreactivity of the 50-kDa mannoprotein was reduced (Fig. 4B, lane 7) by neuraminidase treatment. Western blots of the control, nonbiotinylated DTT extracts with CA-7 are shown in Fig. 4C . Nonenzymatically treated samples of blastoconidia and hyphal DTT extracts are shown in lanes 9 and 10, respectively. Neuraminidase-treated samples are represented in lanes 11 (blastoconidia) and 12 (hyphae). The neuraminidase treatment in this case also reduced the reactivity of the 60-kDa mannoprotein with CA-7 while minimally affecting the 50-kDa species from blastoconidia. The concentrations of proteins used for these experiments were similar to those used in Fig.   1D .
Purification of the 50-and 60-kDa mannoproteins. Purification of the 50-kDa (blastoconidia) and 60-kDa (hyphae) mannoproteins was pursued to evaluate the functional activity of each species. Ion-exchange chromatography was used as an initial step in purifying the DTT extracts. Proteins were eluted with different concentrations of NaCl from DEAE and assayed by Western blot analyses using the CA-7 antibody. Fractions containing the reactive 50-and 60-kDa mannoproteins were subjected to preparative SDS-PAGE, and the specific bands were excised. In Fig. 5A The functional activities of the purified 50-and 60-kDa mannoproteins were investigated. EA were conjugated with iC3b or C3d as previously described (5) (Fig. 6) . When Coomassie stained, DTT extracts exhibited a number of reactive species of both growth forms (Fig. 6B and C) . Purified 50-kDa mannoprotein from blastoconidia (Fig. 5, lane 7) and 60-kDa mannoprotein from hyphae (Fig. 5, lane 8) were also subjected to two-dimensional electrophoresis, shown by Coomassie staining (hyphae, 60-kDa mannoprotein [ Fig.  6D ], and blastoconidia, 50-kDa mannoprotein [ Fig. 6A]) . The pl of the 60-kDa mannoprotein is approximately 4.8, while that of the 50-kDa mannoprotein is approximately 5.2 to 5.5.
DISCUSSION
Expression of the CR2 has been studied in an animal model of systemic candidiasis (16) . Immunoelectron microscopy of peritoneal washes or infected kidney was used to identify the CR2 on the cell surface of filamentous forms of the organism. Interestingly, in blastoconidial mother cells, the CR2 was found not on the cell surface but at the level of the plasma membrane. This in vivo observation was also made with in vitro-grown cells (16) . Since a functional activity could not be measured in this study, the reactivity of the blastoconidial protein could represent a cross-reacting epitope and not a functional CR2. However, we have observed that crude extracts of blastoconidia contained a functional CR2 activity (unpublished results). These data together with the observations mentioned above led us to study the blastoconidial form of the protein and to compare it with the hyphal protein.
The aim of this study was to compare the results obtained by immunoelectron microscopy in vivo with those obtained for blastoconidia and hyphae grown in vitro. The same rabbit antiserum, raised against purified CR2 (14, 27) , was used in both instances. However, in this study, purified IgG (designated CA-7) was used. DTT, which releases components mainly from the outer regions of the cell wall, was used to prepare extracts from both growth forms. By Western blotting, a 50-kDa protein (blastoconidia) and 60-and 68-kDa proteins (hyphae) were the most reactive species with either the rabbit CA-7 or CA-A MAb to the Candida CR2. That each of these proteins was glycosylated was verified by their reactivities with the biotin-HZ reagent (which specifically binds to oligosaccharide residues following oxidation) and with ConA (Fig. 1) .
While both the blastoconidial and hyphal proteins appear to be glycosylated, comparisons of the oligosaccharide components revealed several differences in regard to their reactivity with the lectin WGA and the glycosidases endo F and N-glycanase. Our data indicate that the blastoconidial mannoprotein did not react with WGA (Fig. 2) and was not sensitive to either of the two glycosidases (Fig. 3) , while the 60-kDa hyphal mannoprotein reacted with WGA and was partially degraded by both enzymes. Their susceptibility to these same glycosidases was observed also with partially purified mannoproteins. This observation implies that the oligosaccharides of these growth form-specific mannoproteins probably are in part structurally dissimilar. We have previously demonstrated that the extracellular form of the C. albicans C3d-binding protein was also cleaved by endo F but was not affected by N-glycanase (27) . These differences in susceptibility of the CR2 to N-glycanase may be associated with the lower molecular mass of the extracellular form of the CR2 (27) .
An unexpected finding was the susceptibility of each of these mannoproteins to neuraminidase treatment (Fig. 4) . We found that use of this enzyme prior to oxidation and biotinylation affected the staining with streptavidin and caused a reduction in the reactivity of the 60-kDa mannoprotein in Western blot assays with CA-7. In comparison, no changes in the reactivity of the 50-kDa mannoprotein were observed. Recently, Alaei et al. (1) demonstrated that the iC3b receptor of C. albicans was partially cleaved by neuraminidase. To our knowledge, these are the only observations of a neuraminidase-sensitive component in C. albicans. In a previous study, we found that sialic acid did not block the rosetting of hyphae with EAiC3b or EAC3d (5). Thus, this component of the C. albicans CR2 is probably not involved in ligand recognition.
Both the 50-and 60-kDa mannoproteins were purified to study their functional activities. The purity of each mannoprotein was verified by two-dimensional gel electrophoresis. Of interest was the observation that the pl of the 60-kDa mannoprotein was more acidic than that of the 50-kDa mannoprotein. For future studies, isoelectric focusing should provide a method for the purification and subsequent microsequencing of both mannoproteins.
Both the 50-and 60-kDa mannoproteins inhibited rosetting of hyphae with EAiC3b and EAC3d. This observation provides additional proof that the CR2 and CR3 activities in C. albicans are probably associated with one protein. Previously, other reports link a hyphal protein of 60 kDa with C3d, fibrinogen, and laminin binding to the organism (3) (4) (5) 34) . Also, 60-and 68-kDa proteins appeared to promote the attachment of germ tubes to plastic (35) . Therefore, in C. albicans, this protein may have a broad ligand specificity. The identification of cell surface adhesins of C. albicans is being studied by a number of laboratories. Already, a fucosyl-binding mannoprotein has been suggested as an adhesin which recognizes epithelial cells (9, 10, 33) . The complement receptor(s) could be yet another adhesin which enables the organism to recognize other types of host cells.
The observation that the 50-and 60-kDa mannoproteins differ in response to treatment with N-glycanase and endo F suggests the possibility that the oligosaccharides of these proteins differ in glycosidic linkages and the extent of branching. Structural analysis of the oligosaccharide component of the purified mannoproteins is the focus of future studies.
